Objective: To investigate the effect of teriflunomide on the efficacy and safety of seasonal influenza vaccine.
Teriflunomide is a new once-daily oral disease-modifying therapy (DMT) recently approved in the United States and Australia for treatment of relapsing forms of multiple sclerosis (RMS). Teriflunomide selectively and reversibly inhibits dihydro-orotate dehydrogenase, a key mitochondrial enzyme in de novo pyrimidine synthesis required by rapidly dividing lymphocytes. Through this cytostatic effect, teriflunomide limits expansion of stimulated T and B cells thought to be responsible for the damaging inflammatory process associated with multiple sclerosis (MS). Slowly dividing or resting cells, including lymphocytes and nonlymphoid cells, rely on the pyrimidine salvage pathway to meet their pyrimidine demand. Since this pathway is not affected by teriflunomide, basic homeostatic functions appear to be preserved and lymphocytes remain available for immune surveillance.
In the phase III Teriflunomide Multiple Sclerosis Oral (TEMSO) trial, teriflunomide significantly reduced annualized relapse rate, 12-week confirmed disability progression, and MRI disease activity markers, with a well-characterized safety profile. 2, 3 A very low incidence of serious infections and no serious opportunistic infections were reported, demonstrating that teriflunomide is not globally immunosuppressive, but functions as an immunomodulator with normal immune defenses remaining largely intact. 3 Immunomodulatory agents may affect patient ability to mount effective immune responses to vaccinations. Evidence on effect of DMTs in MS is scant, although patients treated with interferon-b-1a (IFN-b-1a) have been shown to mount effective immune responses to influenza vaccination. 4 This study evaluated antibody responses to seasonal influenza vaccination in patients with RMS treated with teriflunomide, which can largely be considered a recall response as most patients are exposed to circulating virus and/or are vaccinated regularly.
METHODS Study design. The Teriflunomide and Vaccination (TERIVA) study (NCT01403376) was a multicenter, multinational, parallel-group study involving 128 patients in 3 treatment groups. Groups 1 and 2 included patients with RMS treated with either teriflunomide 7 mg or 14 mg once daily for at least 6 months over the course of 2 long-term extension studies (NCT00228163: open-label extension of a phase II study, which started in 2001 5, 6 ; NCT00803049: blinded extension of the phase III TEMSO study, which started in 2004 3, 7, 8 ). Group 3 included patients with RMS who had received a stable dose of IFN-b-1 for at least 6 months, and represents a reference population of patients with RMS who have previously been reported to mount normal immune responses to seasonal influenza vaccination. 4 The study comprised a screening period of up to 21 days, followed by administration of seasonal influenza vaccine on day 1 and antibody assessments at day 28 (62 days) postimmunization (figure e-1 on the Neurology ® Web site at www.neurology. Standard protocol approvals, registrations, and patient consents. The TERIVA study protocol and participation consents were submitted to independent ethics committees or institutional review boards, and subsequently reviewed and approved.
The study was performed at sites approved to participate in either of the 2 long-term teriflunomide extension studies. Subjects participating in these extension studies were asked to participate voluntarily in the TERIVA study. Patients gave written informed consent before entering TERIVA.
Study population. Male or female subjects aged between 18 and 60 years with RMS treated for at least 6 months with once-daily teriflunomide (7 mg or 14 mg) or IFN-b-1, and who were expected to remain on treatment for the duration of the study and who signed a specific informed consent form, were eligible for inclusion in the TERIVA study.
Subjects with concomitant infectious pathology at the time of vaccination, MS relapse within 1 month of vaccination, or administered systemic corticosteroids within 1 month of vaccination were excluded from the study. Additional exclusion criteria included contraindication to influenza vaccine or in receipt of any vaccination within the last 6 months; prior use of investigational drugs or participation in a clinical trial within 1 year before screening (for patients in the IFN-b-1 group only); prior/concomitant use (within 1 year of study entry) of cladribine, mitoxantrone, or other immunosuppressant agents; prior/concomitant use of glatiramer acetate (within 1 year of study entry); or IV immunoglobulins (within 3 months of study entry). Pregnant or breastfeeding women were also excluded from the study.
Study endpoints. The hemagglutination inhibition assay (HIA) was used to detect strain-specific anti-influenza antibodies 28 days postimmunization. HIAs were performed blinded to sample source and in accordance with standard procedures. HIAs were performed using serial 2-fold dilutions of serum and results were presented as titers (i.e., the highest dilution of serum that achieved complete inhibition of hemagglutination).
Evaluation of vaccine effectiveness in this study was performed in accordance with European guidelines, which apply 3 criteria to evaluate the immune response to influenza vaccine. 9 First, the seroprotection rate (i.e., the proportion of subjects achieving a postvaccination titer $40 with the HIA) should be achieved in $70% of vaccinees postvaccination for individuals aged 18-60 years and in $60% for those over 60 years. Second, the mean geometric increase (i.e., the quotient of postvaccination and prevaccination geometric mean titers [GMTs]) should be $2.5 in individuals aged 18-60 years and $2.0 in individuals over 60 years. Third, the seroresponse rate (i.e., the proportion of previously seronegative subjects exceeding a postvaccination titer of 40, and the proportion of previously seropositive subjects with a $4-fold increase in prevaccination and postvaccination sera) should be achieved in $40% of vaccinees aged 18-60 years and in $30% in those over 60 years. For each virus strain and each age class, at least one of the 3 criteria should be met. In this study, the primary efficacy endpoint was the proportion of patients who achieved seroprotection to the influenza vaccine strains, defined as an influenza antibody titer $40 for each strain 28 days postvaccination. The following secondary endpoints were also assessed: the proportion of patients with seroconversion (i.e., a prevaccination antibody titer #10 and a postvaccination antibody titer $40); the proportion of patients with a prevaccination antibody titer ,40 achieving seroprotection; the proportion of patients with either a $2-or $4-fold increase in strain-specific antibody titers compared with prevaccination titers at 28 days postvaccination; GMTs at baseline and day 28 for each strain, and the corresponding GMT ratio (postvaccination/ prevaccination).
Statistical analysis. Assuming a response rate of around 70%
(measured as the proportion of patients with antibody titers $40), sample size was calculated as 37 evaluable subjects per group based on the required number of subjects needed to obtain a precision of 612.5% (corresponding to confidence interval [CI] widths of 25%) around the point estimate of the true response rate under a 90% CI for the true response rate.
Efficacy analyses were conducted in the per-protocol population, which comprised all patients consenting to enter the study who received influenza vaccination and had an antibody titer at day 28. The safety population comprised all patients who consented and were enrolled into the study.
For the primary efficacy analysis, the proportion of patients with influenza antibody titers $40 at 28 days postvaccination was summarized together with the corresponding 90% CI using normal approximation. Differences between each teriflunomide treatment group and the IFN-b-1 reference group were estimated along with 90% CIs for each vaccine strain. Although there were 2 teriflunomide treatments and 3 viral strains, no adjustments for multiplicity were made. For secondary efficacy analyses, the evaluation of $2-or $4-fold increases in influenza antibody titers compared with prevaccination titers, proportions of patients, and corresponding 90% CIs using normal approximation were calculated for each strain and each treatment group. Differences between each teriflunomide treatment group and the IFN-b-1 reference group were estimated. GMTs at baseline and day 28 and the respective ratios (postvaccination/prevaccination) were summarized by strain and treatment group.
For analysis of safety, incidences of treatment-emergent adverse events (TEAEs), treatment-emergent serious adverse events (SAEs), and adverse events leading to permanent treatment discontinuation occurring from time of vaccination to day 28 were documented within each group.
RESULTS Study disposition and baseline demographics. Of the 128 patients enrolled, 122 were included in the per-protocol population (40, 39, and 43 in the 7-mg, 14-mg, and IFN-b-1 groups, respectively). Five patients were excluded from the per-protocol population because of recent or concomitant exposure to a systemic or topical corticosteroid, and one patient in the IFN-b-1 group was excluded because of poor compliance with study treatment.
The study population was generally balanced across treatment groups (table 1) . Patients had received teriflunomide treatment for a median of 5.7 years (range 1
-protocol population (57%) had received influenza vaccination previously, more so for patients in the IFN-b-1 group (69.6%) than either of the teriflunomide groups (43.9% and 56.1% for 7 mg and 14 mg, respectively).
Efficacy. More than 90% of patients achieved postvaccination antibody titers $40 for H1N1 and B in all groups. The proportion of patients achieving seroprotection to H3N2 was lower in the teriflunomide 14-mg group (76.9%) compared with the teriflunomide 7-mg (90.0%) and IFN-b-1 (90.7%) groups (table 2) . Rates of seroprotection in the teriflunomide groups were consistent regardless of the total duration of treatment exposure prior to vaccination or the nature of the extension study from which patients were enrolled (tables e-3 and e-4). Thus, more than 70% of patients achieved an HI titer of $40 for all influenza strains across all treatment groups (table 2 and figure 1).
A high proportion of patients across all treatment groups had high HI titers ($40) for each vaccine strain at baseline (table 1) . Correspondingly, few patients had antibody titers #10 at baseline (table  1) . This reflects the fact that between 44% and 70% of the study population had received influenza vaccination previously and also because the influenza vaccines used in this study included the same strains as those used in the 2010/2011 vaccine. Of the limited number of patients with a prevaccination titer #10, approximately 50% or more achieved seroconversion (day 28 titer $40), with similar proportions across each of the treatment groups. The lowest seroconversion rates were observed for the H3N2 strain in all 3 groups (table 2) .
The proportion of patients with a prevaccination titer ,40 achieving seroprotection was $61% across the 3 treatment groups and 3 influenza strains. However, fewer patients in the teriflunomide 14-mg group than the teriflunomide 7-mg or IFN-b-1 groups exhibited seroprotection to the H3N2 strain (table 2) .
The proportion of patients with a $2-or $4-fold increase in influenza strain-specific antibody titers from baseline to day 28 was slightly higher in the IFN-b-1 group than either of the teriflunomide groups (table 2) . Across all influenza strains, the GMT ratio postvaccination/prevaccination ranged from 2.3 to 3.1 in the teriflunomide groups and from 3.4 to 4.7 in the IFN-b-1 group. The ratio exceeded 2.5 for all treatment groups and for all influenza strains, with the exception of H1N1 in the 14-mg teriflunomide group (table 2) .
Safety and tolerability. The study demonstrated no new safety concerns with teriflunomide administration, and influenza vaccination was generally well tolerated by the entire study population (table e-5). Two cases of infection were reported during the study. The first was a case of thoracic herpes zoster in a female patient in the teriflunomide 14-mg group, which occurred 9 days postvaccination, persisted for 14 days, was mild in severity, and responded to antiviral treatment. The second was a case of infective cholecystitis, also in the teriflunomide 14-mg group, which was associated with an increase in white blood count and facial rash, which had recovered by the end of the study. These 2 cases were not considered as SAEs. Indeed, no SAEs were reported in this study, and the overall incidence of TEAEs was higher in the IFN-b-1 group (45.7%) than the 2 teriflunomide groups (26.8% and 36.6% for 7 mg and 14 mg, respectively). No treatment discontinuation occurred due to a TEAE. None of the participants experienced an MS relapse during the study period.
DISCUSSION The TERIVA study demonstrates that patients with RMS treated with teriflunomide are generally able to mount effective immune responses to seasonal influenza vaccination. Specifically, the proportion of patients with postvaccination antibody titers $40 to all influenza strains was greater than 70% in both teriflunomide treatment groups (range 76.9-97.5%), thereby meeting the European criterion for the efficacy of influenza vaccine in adult subjects aged 18-60 years, which was a priori identified as the primary criterion. 9 Neither the duration of teriflunomide treatment prior to vaccination nor the origin of the teriflunomide extension study in which patients were enrolled had a significant impact on overall seroprotection rates. Thus, vaccine responses were preserved in patients treated with teriflunomide across a broad range of treatment exposure, ranging from 1.6 to 10.4 years. Although the response to all vaccine strains in all treatment groups was sufficient for vaccination to be considered protective, it should be noted that there was a slightly diminished response in the teriflunomide 14-mg group with respect to some evaluations for the H3N2 and H1N1 strains. Nevertheless, the development of adequate protective immune responses confirms the ability of teriflunomide to inhibit the activity of pathogenic autoreactive lymphocytes without causing global immunosuppression. Influenza vaccination was well tolerated in all treatment groups in the TERIVA study. No death, SAE, or TEAE leading to treatment discontinuation was reported in the study, and no new or unexpected safety observations arose in either of the teriflunomide treatment groups. In addition, no MS relapses were reported during the study period. These safety data are in accordance with those from the TEMSO trial, in which teriflunomide was generally well tolerated with a well-characterized safety profile. Furthermore, the low incidence of serious infections and the absence of serious opportunistic infections seen in TEMSO lends further support to the observations made in this study that immune surveillance is preserved under teriflunomide treatment. 3 Immune responses to influenza vaccine in patients with MS treated with IFN-b-1a were similar to untreated patients with respect to the proportion of patients achieving HI titers $40. No significant safety concerns emerged associated with vaccination in IFNb-1a-treated patients. 4 Our study was consistent with the literature showing that effective immune responses were observed in a reference RMS population treated with IFN-b-1 for at least 6 months, with good safety and tolerability. It should be noted that this study was not designed or powered to make direct comparisons between immune responses in the teriflunomide groups and the IFN-b-1 reference population.
Effective influenza vaccination remains important in patients with MS because influenza can cause serious complications and has been shown to be associated with a higher occurrence of exacerbations in patients with MS. 10, 11 The observations made in this study are therefore highly reassuring for patients administered teriflunomide treatment.
We conclude that influenza vaccine was found to be safe and effective in patients with MS receiving teriflunomide. Our findings, combined with efficacy and safety data from the TEMSO study, support the view that while teriflunomide appears to effectively limit abnormal activation of pathogenic lymphocyte responses implicated in MS relapses, teriflunomide therapy does not significantly interfere with adaptive activation of immune responses and generally appears to spare the serologic response to influenza antigens.
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DISCLOSURE Figure 1
Proportion of patients with influenza antibody titers ‡40 at 28 days postvaccination (per-protocol population)
European criteria for efficacy of influenza vaccination in an 18-to 60-year-old population require achievement of a hemagglutination inhibition titer $40 by 70% of patients, as indicated by the dashed line. IFN 5 interferon.
